A pair of weight-matched piglets was identified at birth in each of six litters. One member of the pair was allowed to suckle for 24 h while the other was fasted. Serum concentrations of insulin, thyroxine (T4), somatomedin-C (RIA) and somatomedin-like activity (bioassay) were non-detectable or lower in non-suckled piglets when compared with suckled piglets. The converse situation was found for serum growth hormone (GH) levels, i.e., GH levels were higher (P<.01) in non-suckled piglets. Triiodothyronine (T~) concentration was not influenced by nutritional status. Serum concentrations of fructose and of free fatty acids were not influenced by fasting (P>.05), but glucose and triacylglycerol serum levels were lower (P<.01, P<.05, respectively) in the non-suckled group. The biceps femoris muscle of the non-suckled group weighed less (P<.05) and contained less RNA (P<.01) and protein (P<.07), but DNA and dry matter were similar between groups. Rates of glucose oxidation to CO 2 (with [1-14 C] glucose tracer, P<.01; with [6,14 C] glucose tracer, P<.09) and incorporation into glycogen (P<.01) and of palmitate esterification into triacylglycerol (P<.01) were reduced by fasting. However, the rates of glycolytic flux and of palmitate oxidation to CO 2 (expressed per nag protein) were not affected by fasting. The rate of glucose incorporated into glycogen was reduced (P<.05) by the presence of palmitate in the muscle of suckled piglets. A dose-dependent decrease in somatomedin-like activity with increased concentration of serum from non-suckled piglets in the cartilage disc bioassay suggested that the production of growth inhibitors accompanied the loss of nutrient availability. The biceps femoris muscle responded to the fast by conserving fatty acid for oxidation as an energy source rather than for incorporation into triacylglycerol or phospholipid. The reduction in glucose oxidation to CO2, but maintenance of glycolytic flux rates, may be important to production of lactate, which can be used by the brain and heart as an energy source. It was suggested that the metabolic adaptations of pig skeletal muscle to the fasted state may be critical to survival.
Introduction
Substrate metabolism by fetal pig skeletal muscle is not readily altered under several conditions that are known to alter metabolism in the postnatal animal. For example, no age-associated changes in the oxidation rates of glucose, fructose, acetate or palmitate to CO2 were found in muscle from fetuses from 70 to 110 d of gestation . The effects of maternal dietary fat (Campion et al., 1984a,b) on composition and cellularity of fetal pig muscle were not identificable at 110 d of gestation. Gross endocrine imbalance (lack of growth hormone, triiodothyronine and thyroxine; decreased cortisol and increased insulin and glucagon in serum of decapitated fetuses compared with controls) in the fetal pig, produced as a result of fetal hypophysectomy (Martin et al., 1984) , had little effect on a number of compositional, nuclear (Campion et al., 1981) and physiological (MacLarty et al., 1984) measurements in the skeletal muscle. In addition, induction of maternal diabetes in pregnant gilts did not influence fetal muscle composition (Ezekwe and Martin, 1978; Ezekwe et al., 1984) . Thus, basal metabolism, as well as other traits, in fetal skeletal muscle appear to be largely independent of environmental effects, provided some minimum level of nutrients is provided (Ojamaa et al., 1980) and placental size is not compromised. How rapidly the skeletal muscle of the newborn pig can adapt to an entirely different set of environmental conditions is not known. Certainly, the ability of the neonate to adapt to nutrient composition of colostrum and to periods of fast are critical to survival. In this study, the effect of fasting on endocrine and metabolite profiles in the serum and on skeletal muscle metabolism in the neonatal piglet was examined.
Materials and Methods
Weight-matched pairs of male pigs were identified at birth. One pair was selected in each of six litters. One of each pair was allowed to suckle while the other was not allowed to suckle. All piglets were provided heat lamps and the non-suckled piglets were given a saline solution every 4 h by bottle and nipple. Twentyfour hours after birth, the pairs were killed by severance of major blood vessels in the neck, blood was collected into tubes and stored overnight at 4 C, and the carcasses weighed. The left biceps femoris muscle was quantitatively removed, freed from connective tissue and weighed. The weight of the gut before and after removal of contents was also taken. Serum was collected from the blood samples after centrifugation for 20 min at 1,500 • g. Sera and muscle samples were stored at -20 C until analyzed. Sera were analyzed for insulin, triiodothyronine (T 3) and thyroxine (Ta; Kasser et al., 1981) and for growth hormone (Kraeling et al., 1983) by previously described radioimmunoassays. Serum somatomedin-C was analyzed with the Nichols Diagnostic Kit 7. Prior to assay 100 /al of serum were added to 7 San Juan Capistrano, CA 92675. 8 New England Nuclear, Boston, MA. 225 /al .1 M glycine'glycine'HC1 plus 200 lul of assay buffer (pH 3.5). The preparation was incubated at 37 C in stoppered polystyrene test tubes. After 24 h, samples were brought to pH 7.5 by addition of 30/al of 1 N NaOH plus 445 /al of assay buffer. Appropriate aliquots were assayed according to Kit instructions. Acidification was required to achieve recovery (108%) of human IGF-I spiked into serum even though serial dilution of both acidified and control serum resulted in curves parallel to the human IGF-I standard curve. Acidification of the serum removed approximately 60% of the endogenous binding activity. The inter-assay coefficient of variation was 9.0%; the intra-assay coefficient of variation was 3.0%. Glucose, fructose (Berndt and Bergmeyer, 1974) , free fatty acids (Itaya and Ui, 1965) and triacylglycerol (Sigma Chemical Co., 1974) were assayed in the serum.
Frozen muscle samples were freeze-dried to constant weight. Methods utilized to separate and quantitate RNA and DNA and to determine protein and glycogen content were cited previously (MacLarty et al., 1984) .
At the time of slaugher, a block of tissue was removed from the right biceps femoris muscle. Individual tissue slices, 22 to 36 mg and approximately .5 mm in thickness, were prepared with a Stadie-Riggs microtome and put into 25-ml Erhlenmeyer flasks that contained 5 ml of Krebs-Ringer bicarbonate (KRB)-2% essentially fatty acid free BSA-lmM glucose. Flasks were gassed with 95% 02-5% CO2, capped and pre-incubated at 37 C for 30 min. The preincubation medium was removed and 3 ml of KRB-2% BSA with appropriate substrate and isotopic tracer were added. The tracers used were glucose and [1-14Clpalmitate a. Flasks were again gassed with 95% 02-5% CO2, capped with stoppers containing center wells, and incubated for 2 h. Procedures for collection of CO2 were reported previously (Darnton et al., 1983) . Incorporation of palmitate into triacylglycerol and into phospholipid and of glucose incorporation into glycogen were reported previously (Campion et al., 1984a) . Glycolytic flux was measured using [5 -a H] glucose as tracer according to Ashcroft et al. (1972) . Specific activity of the carbon labeled substrates was .1 /JCi//amole; specific activity for tritium label was .2 /aCi/btmole. All incubations were conducted in triplicate. Background counts, determined in flasks that contained medium and tracer, but no tissue, were subtracted from the total counts.
Bioassay of serum somatomedin-like activity was measured on cartilage discs prepared from 4-wk-old pig according to the procedure of Phillips et al. (1974) . Briefly, three cartilage discs were incubated per well (Linbro 24-well plates) in Tris-amino acid buffer containing sera at the appropriate concentration. Discs were incubated for 18 h in a humidified incubator at 37 C. After 18 h, 50 gtl of buffer containing 1 /aCi 3Ssoa were added. The incubation was continued an additional h in a Dubnoff metabolic shaker at 37 C with constant shaking. Media were removed and plates washed with cold running water in a wash apparatus. Discs were dried, weighed, and digested with .5 ml formic acid at 85 C. The digest was mixed with 4 ml Scintiverse I and counted. Assay controls consisted of a normal pig serum (NPS) pool and hypophysectomized pig serum (HPS) pool. Because sulfate incorporation is dependent on the net effect of stimulators and inhibitors, a positive dose response to serum is not always obtained (Phillips and Young, 1976) . While the serum dose dependence may not necessarily be obtained, the assay reliably differentiates on the basis of net somatomedin-like activity at a given serum concentration. Thus, the somatomedin-like activity of the HPS was lower than that for NPS.
Analysis of variance (Steel and Torrie, 1960 ) was conducted; main effects were treatment, litter and substrate concentration. The interactions treatment • litter and treatment • substrate concentration were fitted. The effects of litter and treatment were tested using treatment x litter as the error term. The effect of substrate concentration was tested using the error mean square as the error term. The effect of palmitate on glucose metabolism was analyzed by the paired t-test, as was the concentration of muscle glycogen, triacylglycerol and phospholipid.
Results
The relative loss in body weight (P<.01) incurred from the 24-h fast from the time of birth was also reflected in a relatively lower biceps femoris muscle weight (P<.05, table 1). Most of the relative loss in muscle weight was due to moisture loss because total dry matter was not affected (P>.05) by the fast. Total muscle protein tended to be lower (P<.05) in the non-suckled group when compared with suckled controls. Total muscle RNA was less (P<.01) in non-suckled piglets, but total muscle DNA was unchanged (P>.05) when compared with suckled controls.
Nutrition had a major impact on the concentration of serum hormones (table 2) . Porcine growth hormone concentration Was about five times higher (P<.01) in non-suckled piglets than in suckled piglets. On the contrary, insulin, T4 and somatomedin-C levels were lower (P<.05) in the non-suckled group; only T3 was not influenced (P<.05) by fasting. Somatomedin-like activity was also lower (P<.05) in sera from non-suckled than from suckled piglets (table 3) . Differences between NPS and HPS in dpm 3Sso4 incorporation into proteoglycans is taken as evidence that the bioassay distinguished differences in somatomedin-like activity. Although not dramatic, a positive serum dose response was also evident for the NPS.
Of the four serum metabolites only glucose and triacylglycerol concentrations were significantly influenced by nutritional status (table  4) . Values for both traits were lower (P<.01 and P<.05), respectively) in the serum of nonsuckled piglets when compared with suckled controls.
The rates of muscle substrate oxidation to CO2 were expressed, as were the other physiological traits, on a per-mg-protein basis (figures 1 and 2). As the suckled piglets tended to have more total muscle protein (table 1), expression of the data on the basis of total protein would have further accentuated treatment effects. The results for metabolism of glucose are depicted in figure 1. The rate for each trait shown increased as the concentration of glucose increased (P<.01). Also, no trait had a significant interaction between treatment and concentration. The rate of oxidation of glucose to CO2, with [1-14C]glucose as a tracer, was especially high in both the suckled and nonsuckled piglets of one litter; the mean difference for this pair was more than three times that obtained for the next highest pair. This led to a liter effect (P<.05) and an interaction between treatment and litter (P<.05), and appeared to mask the treatment effect (P<.09). The treatment • litter interaction (P<.05) found with [6-14C] glucose as tracer was due to the lack of response of one litter pair to nutritional status. Litter means ranged between .64 and 1.02 nmol oxidized "2 h -1 "rag protein -1 , except for one litter, which exhibited a rate of 2.36. But the overall treatment effect was significant, with the rate of oxidation being faster in the muscle of the suckled group when compared with the non-suckled piglets. A clear treatment effect was observed for the rate of glucose incorpora- aEach value is mean -+ SE of six pigs for dpm 3s SO 4 incorporated into proteoglycan/mg dry weight of cartilage • 10 -3. Values from fasted piglets are lower (P<.05) than values from fed piglets at each percentage of sera. Background dpm (no serum present) was 2,094. NPS=normal pig serum; HPS=hypophyseetomized pig serum. At the end of the 30-min pre-incubation period glycogen content was .38 -+ .03 and .43 + .04 mg/mg protein in the muscle of suckled and non-suckled pigehs, respectively. These values were not different (P>.05). Glycogen content was also determined after the 2-h incubation period for the samples in which oxidation of [6-14C]glucose to CO2 was measured at four glucose concentrations. The muscle glycogen content was not influenced (P>.05) by glucose concentration (data not shown). Comparison of glycogen values (pooled across glucose concentration) from muscle of suckled (.40 + .03 mg/mg protein) and nonsuckled (.47 + .03 mg/mg protein) piglets revealed no difference (P>.05) in glycogen content at the termination of the 2-h incubation. Neither treatment group showed net changes (P>.05) in muscle glycogen content over the course of the incubation period. The overall specific activity of the glycogen from the suckled and non-suckled piglets was similar (P>.05) at the end of the incubation period. These results suggest that any dilution of the labeled glucose due to turnover of glycogen was similar across treatments.
The results for palmitate oxidation to CO2 and for palmitate incorporation into triacylglycerol or phospholipids are depicted in figure  2 . The rates for oxidation 'and incorporation increased as susbtrate concentration increased (P<.01). As was the case for glycolytic flux, the rate of oxidation of palmitate to CO2 was not significant when expressed per mg protein, but was significant when expressed on either a total muscle protein or total dry matter basis (data not shown). Muscle triacylglycerol content did not vary between treatment groups, nor did it vary over the course of the 2-h incubation (P>.05, data not shown). The rate of incorporation of palmitate into triacylglycerol was significantly lower (P<.01) in the muscle of the non-suckled group when compared with the suckled group. The difference in treatment means for palmitate incorporation into triacylglycerol was greater at a substrate concentration of 2 mM when compared with the three lower concentrations. The overall specific activity of triacylglycerol was 9.8/~Ci//lmol (triolein standard) in the muscle of non-suckled piglet, while a value of 20.9 was obtained for suckled piglets.
A consistent treatment effect for incorporation of palmitate into phospholipid was not observed. No treatment effect was observed at .25 and at 1.0 mM palmitate. In addition, the overall specific activity in the phospholipid fraction (.0027 vs .0025 /aCi//~mol for suckled and nonsuckled, respectively) was similar between treatments. Thus, the overall treatment effect was not pronounced and the overall rate of palmitate incorporation into phospholipid was low in comparison to the rates of incorporation into triacylglycerol and of oxidation to CO2.
The effect of palmitate on glucose metabolism by muscle from suckled and non-suckled piglets is shown in table 5. Within treatment groups, the effect of palmitate on glucose oxidation to CO2 and on glycolytic flux was not significant. However, palmitate did suppress the incorporation of glucose into glycogen (P<.05) in the muscle of suckled piglets. 
Discussion
The somatogenic activity of growth hormone (GH) is presumably mediated through the somatomedins, especially somatomedin-C. This mediation is effected through binding of GH to somatogenic receptors in the liver, which leads to the synthesis and release of somatomedin-C. In the growing pubertal rat, fasting for 3 d did not significantly alter plasma GH concentration when compared to fed controls. But reduced plasma somatomedin-C levels were found in fasted rats and were associated with reduced GH binding capacity in their livers. (Maes et al., 1984b) .
Suckling rats, with malnutrition created by variation in litter size, responded similarly to the fasted pubertal rats (Maes et al., 1984a) . The integral role of the liver is further substantiated by the fact that starvation de- creased the synthesis and release of somatomedin by isolated perfused livers from starved rats when compared with livers from fed controls (Miller et al., 1981 ; Vassilopoulou-Sellin et al., 1984b) . Thus, the reduction in serum somatomedin-C content in the face of high serum GH levels in the non-suckled piglets suggests that liver GH binding capacity may have been reduced in the livers of the nonsuckled piglets when compared with the livers of suckled piglets, as has been found in the case of fasted rats (Baxter et al., 1981; Postel-Vinay et al., 1982) . Certainly the lower serum somatomedin concentration in non-suckled piglets contributed significantly to the lower somatomedin-like activity of their sera when compared with that of the suckled piglets. Fasting has been shown to cause the appearance of inhibitors of somatomedin-like activity in the sera of rats (Phillips and Young, 1976; VassilopoulouSellin et al., 1980 VassilopoulouSellin et al., , 1984a Salmon et al., 1983) . The negative dose-response in somatomedin-like activity observed for the sera of non-suckled piglets (table 3) suggests that production of growth inhibitors also accompanied the fasted state in neonatal pigs. These data are not entirely conclusive, however, as a reduction in somatomedin-like activity between 5 and 10% sera was observed for the suckled piglets. In a subsequent study, the time of baby pig fast was extended to 48 h and the presence of inhibitor(s) of somatomedin-like activity in the sera of nonsuckled piglets when compared with suckled pigs was much more apparent based on the negative slope of the serum dose-response curve (Jones and Campion, 1986) .
Insulin levels in the fetal pig are very low (Herbein et al., 1977; Fowden et al., 1982) . Since insulin was only detected in the sera of suckled piglets, it appears that the postnatal rise in serum levels is affected by nutritional status, which in the present study is best reflected by the fact that the serum glucose concentration of suckled piglets was about twice that of the non-suckled piglets. Fowden et al. (1982) previously showed that pancreatic /3 cell function was similar in the fetal pig and sow in that high blood glucose levels were associated with high blood insulin levels. The inability to detect insulin in the blood of fasted neonatal piglets is in agreement with the report of Kasser et al. (1981) . The reduced insulin levels in the blood of the non-suckled piglets could be beneficial to survival because lower levels of this hormone will effectively decrease the rates at which 1) (MacLarty et al., 1984) . In addition, conversion of alanine (generated from protein breakdown) to lactate, and to a limited extent to glucose, by the liver would serve to increase tissue fuel availability. Lactate may be an important fuel source for the neonatal piglets which does not yet have extensive ability to oxidize fatty acids (Mersmann and Phinney, 1973 , see below) 9 Serum T 3 levels were sustained during the 24-h fast, but the decline in Ta concentration suggests a potential limit to continued maintenance of T 3 levels. Blood thyroid hormone concentrations correlate well with mitochondrial oxidative activity (Lee and Lardy, 1965; Winder et al., 1975) . Maintenance of serum T 3 concentrations, may, therefore, be associated with maintenance of the ability of the muscle from non-suckled piglets to oxidize free fatty acids (when expressed per mg muscle protein, see figure 2) at a rate simlar to that observed in the muscle of suckled piglets.
The liver of the newborn piglet has limited gluconeogenic capacity (Swaitek et al., 1968; Helmrath and Bieber, 1974; Martin et al., 1980) , which severely limits the metabolic options available within the animal for providing sufficient energy fuels to tissues necessary for survival. While the liver, as well as the heart, of the neonatal piglet possessed limited ability to oxidize fatty acids when tested in vitro (Mersmann and Phinney, 1973; P~gorier et al., 1983) , skeletal muscle can utilize this energy source. Because the rates for palmitate incorporation into triacylglycerol and phospholipid were lower in the muscle of non-suckled piglets than in suckled piglets, there was a sparing of fatty acids from relatively non-essential functions during fast. Others (Randle et al., 1963; Pearce and Connett, 1980) have shown that free fatty acids have a glucose-sparing effect in muscle. But this effect has not been consistently observed (Schonfeld and Kipnis, 1968; Beatty and Bocek, 1971; Berger et al., 1976) , and the apparent discrepancy may reflect differences in fiber type composition of the various muscles examined (Carroll et al., 1983) . While addition of palmitate in our study did not further reduce the rate of glucose oxidation to CO2 or the rate of incorporation into glycogen in the muscle of non-suckled piglets, it did suppress glucose incorporation into glycogen in the muscle of suckled piglets. The significance of the latter finding is not evident. Boyd et al. (1985) showed that primed-continuous infusion of oleic acid for 4 h in 1-d-old pigs (fasted 24 d) tended to lower the glucose concentration of the serum.
Even though the rates of glucose oxidation to CO2 and of glucose incorporation into glycogen were lower in the non-suckled group than in the suckled group, glycolytic flux was simlar. It is speculated that lactate may have been the primary end product of glycogenolysis. The lactate could then serve as a fuel source for the brain (Medina, 1985) and heart.
The finding that the rates of glycolytic flux and of palmitate oxidation to CO2 were similar between treatment groups suggests that the loss in (total) protein observed in the muscle of non-suckled piglets was not specific for sarcoplasmic or mitochondrial protein versus contractile protein, but was more generalized. The lower RNA content of muscle from non-suckled piglets correlates well with the lower muscle protein content and with the lower rate of oxidation of [ 1-14 C] tracer glucose oxidation to CO2, which is an index of pentose shunt activity (Ashcroft et al., 1972) .
In conclusion, it is obvious that skeletal muscle, at least the biceps femoris muscle, of the neonatal pig undergoes significant adjustment in metabolism as a result of fasting. To the extent that these adjustments are representative of skeletal muscle as a whole, this tissue appears to play an important role in survival of the neonatal pig. For example, fatty acids were channeled away from energy-consuming processes (esterification into triacylglycerol and phospholipid) but their oxidation rates were maintained. In addition, the rates of glucose oxidation to C02 and glucose incorporation into glycogen were also reduced in response to fasting. This would allow a relatively greater production of lactate for utilization as an energy source by the brain and heart because glycolytic flux was not influenced by fasting (on a per mg protein basis).
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